INTRODUCTION
The extensive genetic and allelic heterogeneity observed within inherited eye diseases is a major barrier to the development of therapeutics. Leber congenital amaurosis (LCA) is a typical example, in which more than 400 mutations have been identified in 19 different genes. 1 Even in diseases associated with a single gene, significant variation is seen. For example, more than 600 mutations in a single gene (PAX6) cause aniridia. 2 Developing preventative treatments for these congenital diseases would also theoretically have to overcome the ethical and technical barriers associated with prenatal treatment. However, a meta-analysis of mutations that cause human disease has shown that approximately 12% of genetic diseases occur because of nonsense mutations. 3 Examining sequencing data for LCA and aniridia, inframe nonsense mutations account for approximately 35% 1 and 50% of cases, 2 respectively. Therefore, a treatment targeted at nonsense suppression could have the potential to treat many patients with inherited eye disease.
Nonsense mutations coding for a premature termination codon (PTC) in an mRNA template lead to either the production of a truncated polypeptide or, more frequently, the mRNA is destabilized by a surveillance mechanism known as nonsense-mediated mRNA decay, 4 so that little or no toxic protein is produced. PTCs can be overridden by alterations in the fidelity or efficiency of the termination process, thereby functionally suppressing the nonsense mutation. This nonsense suppression occurs during mRNA translation, in which a near-cognate aminoacyl tRNA is inserted into the polypeptide, replacing the stop codon. As long as the premature stop codon is not in a critical position for protein activity, then a functional protein could be produced. 5 This type of ribosomal misreading was recognized as an off-target effect of aminoglycoside antibiotics several decades ago. 6 Suppression of nonsense mutations has since been demonstrated in mammalian and patient-derived cell lines 5, 7 and in a variety of pre-clinical animal models. 8, 9 In previous work, we have also demonstrated this phenomenon in a number of models of inherited eye disease. 10, 11 However, aminoglycosides are too toxic to be considered for long-term use in the clinical setting; 12 therefore, screens of small-molecule chemical libraries have identified compounds with nonsense suppression activity, including Ataluren, 12, 13 RTC13, 14 and other chemical analogs. 15 Some of these compounds have already been tested in pre-clinical models 13, 16 and in clinical trials. [17] [18] [19] Aniridia is characterized by partial or complete absence of iris tissue at birth, progressive corneal opacity, cataract, glaucoma, foveal hypoplasia, and optic nerve defects and can be associated with Wilms' tumor and abnormalities of the brain, pancreas, and olfactory system. 20 On the basis of our previous studies in nonsense suppression in the eye, 10, 11 we most recently showed that nonsense suppression can also reverse the congenital ocular anomalies seen in a mouse model of aniridia. 21 Because each of the eye defects in aniridia occur at different times during disease pathogenesis and the underlying disease mechanism is caused by PAX6 haploinsufficiency, 22 we hypothesized that the tissues affected are sensitive to differing dosages of Pax6 at different times. In this study, we evaluated the efficacy of postnatal nonsense suppression therapy in the Pax6
Sey/+ mouse model of aniridia using different topical treatment paradigms and correlated this with histological and functional testing in vivo to study effects in the developing retina, cornea, and lens. The results provide the first in vivo evidence that Pax6 dosage may be critical for lens capsule development and integrity.
RESULTS

Efficacy of Nonsense Suppression Therapy on Pax6
Sey/+ Ocular
Histopathology
Three different concentrations of Ataluren (0.25%, 0.5%, and 1.0%), in an eye drop formulation that we previously developed called "START" therapy, 21 was administered twice daily to both eyes of the semi-dominant Pax6 Sey/+ mouse carrying a nonsense mutation (G194X). Treatment began when the eyes opened at P14 and continued to P60. At P14, the Pax6 Sey/+ mouse eye was already malformed compared to wild-type (WT) ( Figures 1A and 1C) . The histological benefit we observed from topical START therapy treatment was dose dependent, but at all concentrations, we saw qualitative improvement in ocular pathology. In comparison to vehicle-treated WT eyes at P60 ( Figure 1B ), the vehicle-treated Pax6 Sey/+ had very abnormal pathology, with notable infolding of the retina and a small lens ( Figure 1D ). When eyes were treated with 0.25% START therapy, there appeared to be some rescue of the eye phenotype, but the lens was still smaller than normal and malformed, with retrolenticular pigmentary deposits on the lens, and adhesion of the iris to the posterior surface of the cornea was noted ( Figure 1E ). Dosing with 0.5% START therapy resulted in abnormal corneal and anterior lens structures, most likely resulting from failure of the lens stalk to separate from the surface ectoderm correctly during lens morphogenesis (Figure 1F) . Furthermore, the posterior aspect of the lens was abnormal. The 1% START therapy dose resulted in an eye with a normal appearance of the retina, lens, iris, and cornea at P60 ( Figure 1G ). Dosing every third day with 1% START therapy resulted in corneal and lens defects similar to those observed with the 0.5% dose ( Figure 1H ). These data demonstrated that the 1% START dose formulation was the most efficacious in reversing the ocular pathology in the eye. To further establish the temporal effect of the 1% dose of START treatment on Pax6 Sey+ mouse eyes compared to WT eyes, histology was examined at the intermediate time points of P21, P30, and P45. At P21, after just 7 days of treatment, the retina and lens defects eye already appeared to look more normal ( Figures 1I and 1M) . However, the corneal stroma appeared to be thicker than the comparative vehicle-treated WT eye. By P30, the corneal stroma had become thinner, similar to WT eyes ( Figure 1N ). When 1% START therapy was used to treat Pax6 Sey-1Neu/+ mice that had a splice-site mutation in Pax6, 23 we saw no benefit ( Figures 1L and 1P ), confirming that START therapy was specific for nonsense mutations. Finally, when treatment was started at P14 and stopped at P45 and then the eyes were examined at P60, we did not see any reversal back to the original pathology, indicating that the changes to ocular structure were stable ( Figure S1S ).
To further investigate the efficacy of the treatment, we evaluated the anterior segment of the eye, the lens, and the retina at higher resolution. The lens was clearly malformed and attached to pigmented tissue with 0.25% START treatment (Figure 2A ). Using either 0.5% START ( Figure 2B ) or 1% START every 3 days (Figure 2C) , we observed remnants of the lenticular stalk in the lens and corneal stroma. We also identified breaks in the lens capsule with what appeared to be lenticular material in the vitreous cavity when using the 0.5% START dose ( Figure 2D ). Although the infolding defect of the retina was rescued at the lower doses, the outer nuclear layer (ONL) of the retina was about 30% thinner than that of WT (7 to 8 rows of nuclei versus 10 to 11 rows, respectively), and the inner nuclear layer (INL) was about 50% thinner than that of WT ( Figures 2E-2H ). Only with the 1% START dose did we observe almost full rescue of the retinal architecture ( Figure 2I ). We quantified the ratio of inner and outer nuclei cell counts in WT mouse eyes compared to the different treatment doses ( Figure 2J ), confirming that the 1.0% dose was the most efficacious.
We then sought to determine for how long after the eyes had opened that START therapy would be effective in reversing the pathological defects. For these studies, histological analysis was compared when treatment began at P21 ( Figures 3A-3E ) and P28 ( Figures 3F-3J ) using the 1% Ataluren dose in START therapy eye drops that was continued for 46 days to P67 or P74, respectively. Prior to the commencement of therapy at P21, untreated eyes were severely malformed compared to WT ( Figures 3A and 3B ), and vehicle treatment had no effect on the ocular pathology ( Figure 3C ). However, treatment with 1% START therapy beginning at P21 reversed the malformation defects of the lens and iris and partially rescued the retinal infolding ( Figure 3D ). In comparison, when treatment began at P28, the lens was abnormally large, almost filling the entire globe (Figures 3I-3K), there were breaks in the lens capsule, and lenticular material appeared to have been extruded into the vitreous cavity, similar to that seen when eyes were treated with a low dose (0.5% START) ( Figure 1F ). Despite the large lens, the eye was grossly less malformed compared to the vehicle-treated or untreated eyes (Figures 3G and 3H) .
To further define the nature of the retrolenticular material in the lower doses of START therapy or when treatment started at a later developmental time point, we used a series of differential immunohistochemical markers. In untreated Pax6 Sey/+ eyes at P14 and P60
( Figures 1C and 1D ), a pigmented mass posterior to the lens and extending to the retina was suggestive of failed regression of the primary vitreous and hyaloid vasculature, a critical event in eye development. 23 To determine if the retrolenticular mass of treated eyes had remnants of hyaloid vasculature from the retina, sections of the eye were incubated with NG2 chondroitin sulfate proteoglycan, which labels pericytes that line the outer surface of endothelial cells of blood vessels. NG2 does not label the WT lens ( Figure 4G ), but does label the retinal vessels, as would be expected ( Figure 4H ). We observed that NG2 did not label the retrolenticular mass of treated eyes ( Figures 4I-4L ), indicating that vascular structures were absent. To determine if the retrolenticular mass contained proliferating cells, the ocular sections were labeled with Ki-67, a marker expressed in active cycling cells. Using 0.5% START therapy or using 1% beginning at P28, Ki-67-positive cells were observed in the retrolental mass ( Figures 4O-4R ), suggesting proliferation was occurring. The tissue nearest the lens capsule break was of lens origin because it was strongly labeled with aB-crystallin ( Figures 4S-4X ). An established downstream target of the Pax6 transcription factor in the cornea is the Mmp9 gene, which is required for the maintenance and repair of the corneal epithelium throughout life. 24 Therefore, we measured the amount of Pax6 and Mmp9 proteins in corneal epithelial extracts from Pax6
Sey/+ mice with the different START dosing regimens.
There was a statistically significant increase in Pax6 levels compared to untreated controls (F(9,40) = 101.458, p = 0.001) with all treatments except when using the 0.25% START dose and the 1% dose every 3 days ( Figure 5A ). Similarly, a statistically significant increase in Mmp9 levels was observed (F(9,40) = 117.013, p = 0.001) with all treatments except when using the 0.25% START dose ( Figure 5A ). Immunoprecipitation followed by western blotting revealed a similar increase in protein expression with the different treatment doses ( Figure 5B ).
Functional Effects of Different Dosing Regimens in Pax6
Sey/+
Mice
To determine how the different START therapy regimens affected functional benefit, we first measured electroretinographic (ERG) (Figure 7 ). Critically though, only the 1.0% Ataluren dose gave ERG b-wave amplitudes that were not significantly different to a WT eye (p = 0.37). When the treatment started at either P21 or P28, the b-wave amplitudes were 81% and 48% of WT amplitudes, respectively. When START therapy was only administered every third day, significant functional benefit was still observed (46% of WT, p < 0.01). These smaller ERG responses correlated with the partial histological rescue in the retina.
To determine if the retinal responses to light led to a change in behavior, we carried out optokinetic tracking (OKT) analysis, which is a response mediated via the accessory optic system of the brain. This analysis tests the ability of an animal to track a moving stimulus and is an approximation of visual acuity. 25 Under standard OKT test conditions, untreated
Pax6
Sey/+ mice demonstrated very limited tracking capability compared to WT controls (spatial frequency thresholds of 0.04 cyc/deg versus 0.42 cyc/deg, respectively). In contrast, Pax6 Sey/+ mice treated with increasing doses of Ataluren resulted in a statistically significant increase (F(7,40) = 100.84.p = 0.001) in tracking ability (Figure 7 ). Starting the treatment at either P21 or P28 resulted in an OKT tracking response that was significantly better (35% and 55% of WT, respectively; p < 0.01) than that of untreated mice (9% of WT), but did not improve the spatial frequency threshold by as much as when treatment started at P14 (90% of WT levels). The OKT tracking data plotted on the same graph as the ERG b-wave amplitudes showed a similar response pattern of dosing regimen for both functional testing paradigms ( Figure 7 ).
DISCUSSION
In this study, we demonstrated that topical delivery of START therapy is an Ataluren dose-dependent response, with 1.0% Ataluren giving the best efficacy, as measured by histopathology, electroretinography, and behavioral testing. These data suggest that the postnatal mouse eye is remarkably sensitive to Pax6 dosage and is able to remodel under nonsense suppression therapy during a specific time window. We will not know how the timing of this remodeling would translate directly to the human eye until it is clinically tested. Nevertheless, the mouse START therapy data suggest that remodeling of abnormal tissue for ocular malformations associated with aniridia should start in the early postnatal years. It should be noted that the eye continues to develop in humans after birth. In particular, the fovea is not fully formed until about 4 to 5 years of age, 26, 27 and foveal hypoplasia (an underdeveloped fovea) is present in up to 50%-70% of aniridia cases. Therefore, it is possible that START therapy early in life may be able to stimulate foveal development. Furthermore, if taken continuously throughout life, it may prevent the later onset of corneal keratopathy and may help in the management of refractory glaucoma.
We found that using 0.5% Ataluren or starting the treatment at P28 resulted in abnormalities to the posterior lens, suggesting that insufficient Pax6 dosage or expression of Pax6 at the incorrect time was deleterious. Through the ruptured lens capsule, lens fiber cells were extruded into the vitreous cavity, an uncommon but striking phenomenon observed in several other mouse mutants (Ilk, Abi2, Bcar3). [28] [29] [30] Although these examples are gene specific and show high levels of penetrance, the rupture of the lens capsule could be a secondary event due to failure of hyaloid vasculature regression. 23 Alternatively, because the posterior capsule is produced by the newly differentiated lens fiber cells, 31 then a primary lens fiber defect could precipitate capsule rupture, as seen in the SPARC-deficient mice. 32 The lens capsule is continually remodeled throughout life; thus, our data suggest that Pax6 may have a direct role in lens capsule development or maintenance. Further independent studies would be required to demonstrate the exact role of Pax6 in lens capsule homeostasis. However, given that Pax6 is known to regulate the major constituents of the extracellular matrix proteins in the capsule (fibronectin 1, versican, and collagen) 33, 34 and the clinical evidence in aniridic patients who are prone to lens capsule rupture during cataract surgery, 35 this suggests that Pax6 is critical to lens capsule fidelity.
The unusually large lens present in Pax6 Sey/+ mice (C57BL/6 background) treated with START therapy beginning at P28 is intriguing because this phenotype has not been observed in other Pax6 mouse models. 36, 37 In normal C57BL/6 mice, there is a rapid postnatal increase in lens diameter from P22 to P47 ($1.47 mm to 1.7 mm) and, thereafter, lens growth slows, reaching steady state ($1.8 mm) by P81. 38 Therefore, perhaps manipulating Pax6 dosage at P28, leading to lens capsule rupture, might allow unconstrained expansion of the lens during its normal growth period. Little is known about the genes that modulate the rate and duration of normal postnatal lens growth. However, in C57BL/6 mice, the Eye1 locus on chromosome 5 was identified as a quantitative trait locus (QTL) associated with increased lens weight at P75. 39 The Eye1 QTL was identified by the microsatellite marker D5mit346 located in the Cdk14 gene on chromosome 5q. Tight linkage in the genomic region from Fzd1 to Hgf (containing D5mit346) comprises 17 annotated genes (Table S1) according to the Genome Reference Consortium assembly m38 (January 2012). Five of these genes (Fzd1, Adam22, Sema3d, Sema3a, and Hgf) are expressed in the developing lens, [40] [41] [42] [43] [44] but expression in the adult lens has only been reported for Hgf. 45 Targeted deletion of each of the five genes in mice has been reported; however, the lens was not examined in any of these studies; thus, their role in lens growth cannot be inferred. Interestingly, Hgf has been shown to stimulate lens epithelial cell proliferation and overexpression causes opacification of the posterior lens capsule. 46 This suggests that Hgf could be the major contributing factor at the Eye1 QTL; however, whether Pax6 has a direct or indirect role in Hgf expression in the lens remains to be determined.
Another consistent defect we observed were remnants of an ectodermal plug in the cornea and anterior lens when using low doses of Ataluren (0.5% or 1% every 3 days), which is reminiscent of previous phenotypic data reported in the Pax6 heterozygous eye. 47 This feature has been shown to be due to an autonomous deficiency of Pax6 in the lens epithelium, but not due to Pax6 loss in the corneal tissue. 47, 48 Some patients with PAX6 mutations similarly show incomplete separation of the lens from the cornea (Peter's anomaly), which normally occurs between the fourth and seventh week of embryonic development. Our data in mice suggest that insufficient levels of nonsense suppression in the lens compromise its ability to induce the necessary interactions that organize anterior segment development. Delivery of the nonsense suppression drug to the lens at an earlier time point than P14 would be an important area to target in the future.
The ability of Ataluren to suppress the nonsense mutation depends on the specific termination codon, the nucleotide immediately downstream of the nonsense codon, and the location in the mRNA template. 12, 13 It should be noted that the normal termination codon in the mRNA template is not suppressed by Ataluren. 13, 49 There is a higher readthrough capacity for UGA codons compared to UAA codons. Thus, for any given patient mutation, it would be possible to predict how well nonsense suppression might work. However,
another consideration is what amino acid replaces the premature stop codon and whether it affects a critical functional protein domain? A recent report showed that the most frequent amino acid replacements at a UAA codon with Ataluren treatment was Gln (52%), Lys (46%), or Tyr (2%), whereas as at UAA codons, the frequency of insertions was Gln (88%), Tyr (95%), and Lys (35%). 50 At UGA codons, the insertions were Trp (87%), Cys (9%), or Arg (5%). In this study, the Pax6 Sey/+ mouse premature termination codon is UGA, so the normal Gly194 would most likely be replaced by Trp amino acid. The Gly194 residue is located in the flexible linker region of the Pax6 protein between the functionally important paired and homeodomains. Thus, presumably, the inserted amino acid can be tolerated in the linker region. A further consideration regarding nonsense suppression efficiency is the effect of nonsense-mediated mRNA decay (NMD). 51 Because the efficiency of PTC readthrough is often low, 12 improving the nonsense suppression approach could involve using a combination of drugs, which lead to suppression of ribosomal misreading and inhibition of NMD. By inhibiting NMD, the mutant mRNA transcript would be available for longer, allowing the nonsense suppression drugs to make more protein.
Although nonsense suppression is still in its infancy from a clinical perspective, it represents an exciting therapeutic avenue for a subgroup of currently untreatable genetic eye diseases. In terms of assessing nonsense suppression in clinical trials, defining the therapeutic end-point that correlates with therapeutic efficacy may be challenging. This is especially pertinent if there is a wide phenotypic variability in patients because it might be difficult to detect the clinical benefit if there is less than a 20% increase in protein function. Furthermore, because different tissues respond to different doses of nonsense suppression drug, then more than one route of administration and the timing of different doses may be needed. Moreover, identifying patients with nonsense mutations will require significant resources to be invested. Nevertheless, as a pharmacological approach to overcome genetic eye diseases, nonsense suppression has the potential to become routine practice in the future for many patients carrying nonsense mutations.
MATERIALS AND METHODS
Animals
All studies were carried out with the approval of the Animal Care Committee at the University of British Columbia, and in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. Mice were housed under cyclic light (14 hr on: 10 hr off) and had access to food and water ad libitum. Mice were maintained on the C57BL/6 background strain, and Pax6 Sey/+ mutant offspring were identified by genotyping. Genomic tail DNA was prepared using a REDExtract-N-Amp Tissue PCR kit (Sigma-Aldrich). Using GoTaq Mastermix (Promega), 250 nM of each PCR primer, and 4 mL of extracted DNA tissue mix, PCR products were amplified using an initial cycle of 95 C for 3 min, 55 C for 1 min, and 72 C for 1 min, followed by 35 cycles of 1 min at 95 C, 40 s at 55 C, and 40 s at 72 C. Primers 
Drug Administration
The topical eye drop START formulation (0.9% sodium chloride, 1% Tween 80, powdered Ataluren, and 1% carboxy methylcellulose) was prepared as previously described 21 and contained either 0.25%, 0.5%, or 1% Ataluren (Selleckchem). START eye drops were instilled into both eyes twice daily beginning at either P14, P21, or P28 and continuing until analysis at P60, P67, and P74, respectively. In an alternative paradigm, eyes received drops twice every third day from P14 to P60. Efficacy of the treatment was assessed by OKT and electroretinography, followed by histology and ELISA.
OKT
We assessed behavioral responses by measuring the spatial frequency threshold during OKT, as previously described, 25 using rodent-specific OptoMotry software (Cerebral Mechanics). Briefly, a virtual cylinder was created that comprised a vertical sine wave grating projected onto four computer monitors that surrounded a platform that the mice were placed upon. The cylinder was rotated at 12 deg/s, and the head tracking was monitored via a video camera. The highest spatial frequency capable of driving the head tracking response was adopted as the threshold (photopic intensity, 142 cd/m 2 ).
Electroretinography
Mice were dark adapted for 2 hr prior to testing and then anesthetized with a mixture of intraperitoneal ketamine (70 mg/kg, Vetalar, Bioniche Animal Health) and xylazine (4.5 mg/kg, Rompun, Bayer Healthcare). To dilate the pupil, 0.5% tropicamide (Bausch and Lomb) was administered topically. After a drop of Viscotears eye lubrication was applied to each eye, contact lens electrodes were 
Histology and Immunocytochemistry
Mouse eyes were enucleated and then fixed in Karnovsky's fixative for 2 hr prior to embedding in paraffin wax. Sections were stained with H&E and photographed using an Aperio ScanScope digital scanning system (Leica Biosystems). The eyes for immunohistochemistry were fixed in 4% paraformaldehyde overnight and then infiltrated with 30% sucrose at 4 C before embedding in Polyfreeze medium (Polysciences). Immunolabeling was carried out using 6-to 10-mm-thick frozen sections. The following primary antibodies were used: NG2 monoclonal (1:200, Abcam, ab50009); Ki-67 polyclonal (1:500, Abcam, ab15580); and Alpha B Crystallin (CRYAB) monoclonal (1:200, Abcam, ab13496). Secondary antibodies used were Alexa Fluor 488 goat anti-rabbit immunoglobulin G (IgG) or Alexa Fluor 488 goat anti-mouse IgG (Life Technologies). Sections were incubated overnight at 4 C with primary antibody diluted in blocking buffer. After extensive washes in PBS-Tween-20, localization of antibody labeling was detected after a 1-hr incubation, with secondary antibodies diluted in PBS containing 2% normal goat serum. Nuclei were counterstained with DAPI, and then images were acquired using scanning laser microscopy.
Protein Analysis Methodologies
The second eye from each mouse was used for ELISA analysis or western blotting. Corneal epithelium was dissected from the ocular surface into 100 mL of 1X PBS. The eye was opened at the limbus, and the retina was removed and placed into 100 mL of PBS. Tissue samples were then homogenized, followed by two freeze-thaw cycles. Homogenates were centrifuged for 5 min at 5,000 Â g. The amount of Pax6 and Mmp9 in the supernatant was compared to a standard curve using either a mouse PAX6 or MMP9 ELISA kit (MyBioSource) according to the manufacturer's instructions. For immunoprecipitation, the same amount of protein from homogenate supernatants was immunoprecipitated with antibodies to PAX6 and MMP9 using SureBeads Protein G Magnetic Beads (Bio-Rad) according to the manufacturer's instructions. A 10% w/v SDS-PAGE gel was used to separate proteins, which were then transferred to Immobilon-FL membrane (Millipore). Blocking of membranes was carried out in 5% non-fat dry milk powder in PBS/0.1% Tween-20 (PBST) for 1 hr at room temperature. Following three washes in PBST, the membranes were incubated with PAX6 polyclonal (1:300, Biolegend, 901301), MMP9 monoclonal (1:2,000, Abcam, ab76003), and b-actin monoclonal (1:3,000, Sigma, A5316) at 4 C overnight. The membranes were washed 3x for 20 min with PBST in the dark. Anti-rabbit IgG DyLight 800 (1:1,000, Rockland, 611-145-002) and anti-mouse IgG DyLight 680 (1:2,000, Rockland, 610-144-002) were used as the secondary antibodies. Visualization of protein was performed in the Odyssey LI-COR imaging system. The molecular weight marker used was BLUelf pre-stained protein ladder (GeneDirex).
Statistical Analysis
Analyses were performed with GraphPad Prism 5.0. For parameter comparisons between groups, an unpaired Student's t test was used. p values of less than 0.05 were considered significant. Results are reported as mean ± SEM. Multiple group comparison was performed by one-way ANOVA, followed by Tukey post hoc tests. Differences were considered significant at p < 0.05. Results are reported as mean ± SEM.
